). Hypotheses about the arborization strategies followed by these ingrowing fibers have been generated from evaluation of labeled terminal fragments of mouse TCAs (Senft and Woolsey, 1991a). Those TCAs were of necessity truncated by the histological processing needed to observe them at high resolution. This fragmentation, along with biological variability, forces conclusions about single intact axons to be derived from populations of parts of arbors. To evaluate the hypotheses critically, we designed a computer program to quantify morphological aspects of labeled TCAs drawn with a camera lucida. We constructed algorithms to abstract, from fiber populations, properties minimally affected by truncation. Our program analyzes, and displays as histograms, fiber and branch densities and orientations. To represent these features by additional graphical means, "average" ingrowing TCAs were generated, based on the accumulated statistics of the traced fiber fragments. Quantitative descriptions of TCA populations from postnatal day 1 (PND1) through PND7 are presented. These analyses show that fibers and their branches accumulate with age within the cortical plate (emergent layer IV), and to a lesser extent within developing layer VI. Simultaneously, the distributions of these afferents within cortical laminae transform from uniform to patchy in the plane of the cortex. Peaks exhibit the periodicity typical of mature barrels. Branches become more numerous focally as and where layer IV barrels emerge. Individually traced arbors show reduced total widths consistent with progressive pruning of branches extending into territories of inappropriate barrels, both in layer IV and deeper in the cortex.
The early postnatal development of whisker-related thalamocortical afferents (TCAs) in mice has been described in the preceding article (Senft and Woolsey, 1991a) . Qualitative data were presented of thalamocortical afferents labeled with HRP and 1,1'-dioctodecyl -3,3,3', 3' -tetramethylindocarbocyanine perchlorate (Dil) and traced by camera lucida, both at the population level and at the level of individual terminal arbors. These observations led to hypotheses about the arborization behavior of single ingrowing axons in relation to the formation of the well-studied barrels of rodent cortex. There were six principal generalizations:
(1) As they grow into cortex, individual ingrowing TCAs emit multiple collaterals that ascend toward the pia from white matter or from the adjacent deep cortex.
(2) In older animals, TCA trunks and collaterals ascend pialward more radially than those of younger animals.
(3) Single arbors traverse and probe regions of deep and superficial neonatal cortex that are wider than an adult barrel and much wider than the area of neonatal cortex destined to become a barrel.
(4) Single arbors, even within layer IV alone, can be broader than the barrel to which they ultimately are restricted.
(5) Selected collaterals are lostznd evidently pruned during development, particularly from the deeper aspect of the cortex.
(6) Other selected collaterals come to arborize focally, in layer IV and also in layer VI, and progressively become restricted to one barrel.
There were several difficulties in directly demonstrating that the above points reflect the representative behavior of the whisker-related TCAs. (1) Fibers in the most heavily labeled regions often were too intricate to trace singly. Therefore, detailed analysis was possible only on neighboring, less well-stained regions that contained fewer examples. (2) TCA arbors were truncated by the sectioning needed to visualize them clearly and, of practical necessity, were traced or photographed from single sections, each only 75 Mm thick. (3) The three-dimensional extent of processes was further reduced into two dimensions by camera lucida tracing. Consequently, the strategies followed by ingrowing TCAs are interpretable from these data only to the extent that such strategies are isotropic and reflected collectively by large populations of partial fibers. Analysis of single complete labeled fibers, if obtained, might demonstrate these points more directly. However, that approach would still be severely limited by the number of arbors that would need to be labeled (with great difficulty) at each age to establish the characteristic behavior of the fiber population. In fact, it will be argued that axon branching behavior is determined by (and understandable from) the behavior of the population of fibers and not by single fibers. Accordingly, we sought to corroborate or refute these (six) subjective views (1) by carefully measuring every traced element of this time-varying data set, (2) by statistically quantifying the overall behavior of the ingrowing population, and (3) by mathematically "generating," from those statistics, unbroken arbors that could be representative of the intact, but unobserved, component TCAs in cortex. To our knowledge this approach is novel. Analysis is restricted to HRPlabeled material, as the Dil-labeled processes were not amenable to rapid, accurate tracing.
Materials and Methods
Quantitative data presented here are taken from specimens described in Senft and Woolsey (1991b) , where details of histology and nomenclature are described. To extract and depict visually meaningful trends in this developmental database, a computer program was written (in RATFOR, on a PDP-11) with which to enter, analyze, and reconstruct mixed populations of processes, from single axonal segments and complex branched arbors.
The principal characteristics analyzed, with respect to radial and lateral cortical location, were the densities and orientations of fiber segments and the densities and angles of branching. The program also measured the overall height and width of each fiber and kept track of the branch order of the arbors. The absolute magnitudes of these last three measures are not necessarily well preserved in truncated arbors, but do establish lower bounds and are useful for showing differential changes with age. In addition, a method was derived to indicate the degree of local clustering of axon branches in single afferent arbors. For evaluation, all of these extracted features were displayed in the form of histograms (see below).
Data Collection
It was necessary to convert the camera lucida drawings into computerized form. This was done by reducing the drawings by xerography and retracing them on a Bitpad data tablet. Data were entered as lists of x,y,z-coordinates, accompanied by codes specifying whether each point initiated or continued a fiber. Additional codes marked branches and end points. Fiber endings were not differentiated from truncations. The accumulating TCA arbor tracings were displayed in real time on a color monitor. Each afferent was coded by hue to indicate its category or to distinguish it from previously drawn axons. The program highlighted untraversed branch points and, at each termination, automatically repositioned the cursor to the last unfinished branch point so that additional distal segments would be appended without topological error. It was possible at any time to erase tracings piecemeal in reverse order of entry or to remove unfinished branch points selectively. When a tree was complete, a new one, in any category, could be entered. Completed fibers or groups of fibers could be reclassified or deleted, with immediate visual feedback. Data entry could be interrupted at any point for analysis of the accumulated database, according to sets of interactively specifiable criteria (below). Areas of interest could be offset, to permit merging of drawings from adjacent regions (or sections), and could be scaled, to accommodate differing magnifications. For comparison, data sets could be stored and read back later in arbitrary combinations. Tracings could be rescaled along the y-axis to facilitate the juxtaposition of data from smaller (i.e., younger) and larger (i.e., older) individuals.
Data Analysis
TCA analysis took place in three stages. First, a fiducial system was superimposed on the traced data. This was a box bounding the data and relating it to the overall cortical architecture as determined from adjacent counterstained sections. The box was divided vertically into cortical layers ( Fig. 1 C,D) , and a grid system further subdivided the traced region into both vertical and horizontal bins of selectable size ( Fig. 1E-H) .
Second, data were selected. The complete database, or defined subsets, were analyzed independently. For instance, we were interested in fibers that (1) extended for more than a given length, (2) branched more than a specified amount, (3) exhibited a range of angular orientations, (4) were present within a vertical or horizontal region, and/or (5) belonged to (or were excluded from) a color-coded category. Some of these options are illustrated in Figure 1D -H. Fiber orientation was of interest, yet fibers often meander so much that they have a poorly defined local orientation relative to the pial surface, although their general direction is clear. Therefore, although the original data were closely sampled (at «2 nm), the resolution of the analysis was reduced by interactively specifying a minimum distance along the fibers between successively analyzed data points. Intervening points were ignored. All analyses reported here used a spacing criterion of four pixels (^8 /im). Larger spacings less accurately approximated the arbor geometries, while finer resolutions generated more quantization noise. Branch and terminal points were always included for analysis, regardless of how near they were to the preceding data point.
Third, the results of the analysis were reviewed as horizontal or vertical histogramsthat showed the total number of selected elements lying between adjacent grid ticks (solid black or gray bars; see Fig. 1 ). These summary histograms represented either fiber or branch distributions (or their ratios) and were superimposed directly over the traced fibers so that the raw data and Fig. ID-F) . Branch angles were measured between daughter processes and were recorded either as an absolute value (e.g., Fig. 1G,H ) or signed to distinguish between asymmetrical ("-") and symmetrical (" + ") bifurcations, relative to the vector described by the parent stalk. Lastly, trends in the entire population of fibers or of branches were represented in radial histograms after integrating the angular distributions over all of the bins. The length of each radial spoke indicated the relative prevalence of elements having that angle of branching or that direction of ingress. The results of two independent sets of analyses could be compared directly on the color monitor, by depicting each on a separate overlay plane. These were printed with contrasting gray scale assignments (e.g., Fig. 1 E,F) on a Digital Equipment LNO3 laser printer, using additional software developed at our facility. To support the conclusions presented in this article, it was essential to use a variety of the above options in combination.
A Method for Generating Representative Axons
Because the raw data were composed of axon fragments, we used the statistics on fiber and branch densities and angles in an attempt to generate complete representative TCA arbors. The data represent a population highly enriched in TCAs. If these afferents arborize stereotypically, then the predominant slopes of ascent, at each level of the cortex, will be reflected as peaks in the fiber angle histograms. In addition, the branching behavior at each depth will be approximated by the ratio of branch points to fiber density and by the distribution of branch angles for that level. The vast majority of afferents ascend monotonically through cortex. This greatly simplifies the logic used for these "statistical reconstructions" based on fragmentary data.
We extended the analysis program to generate numerous complete fiber arbors using the following steps: (1) Start with a bin at the level of the white matter. (2) Obtain an angle of ascent by randomly sampling that bin's fiber orientation histogram. (3) Draw a segment rising to the next level at that selected angle and (4) stochastically determine whether or not to branch, biased by the ratio of branches to fibers at that level. If branching, obtain the branch angle by sampling the branch angle histogram for that level, and (as with manual data entry) set an unfinishedbranch flag. (5) Continue toward the pia, appending segments and branching, until the topmost bin is reached, or until the subtree is pruned. Pruning is triggered probabilistically by a relative decrease in the number of fibers in a bin compared with the number in the bin below it. (6) Proceed to the next unfinished branch, and repeat steps 3-5. By these means an extensive family of afferents was generated for each age.
A Measure of Branch Clustering
To characterize afferent arborization further, an autocorrelation procedure was devised that gave a global indication of the axons' tuftedness (or degree of local branching). At each point along each fiber, a histogram was constructed of the distances to all other data points on the same fiber. These histograms from all data points in a fiber were summed and then added to like histograms from other fibers.
This procedure illustrates the degree of focal arborization in a fiber or in a population of fibers. Unbranched fibers generate ramped histograms (see Fig.  6A ), if distances are measured along the fibers. Branched fibers inflect the ramp, because each branch point (1) creates an extra string of points to which it is close and (2) generates a new end point, which tends to be farther away from the rest of the fiber. The closer the branches are to each other, the more pronounced will be the inflections, and this indicates clustering.
To compare fiber groups it is necessary to align histograms of varying length. Two approaches were taken: (1) normalization to the total intrinsic length of a tree and (2) normalization to the maximum intrinsic distance between any two points on the tree. Histograms derived from arbors that differ only in size will scale appropriately by either of the above means. This is less certain when trees differ in geometry or topology. Empirically, when maximum distance normalization was used on sets of fibers having similar orders or numbers of branches, the histogram peaks sharpened as arbors were more focal (e.g., Fig. 6B ).
Collapsing three-dimensional trees into two dimensions foreshortens these autocorrelation histograms and reduces their dynamic range, but this should be uniform for every histogram of a time series and should not affect their relative values. Fiber truncation may also affect this measure, but the effect should be Figure 1 . Use of the analysis program illustrated with PND6 data. A Fibers as traced from the tissue using a camera lucida. B. The computer printout of the same fibers entered with a data tablet (see also Fig. 2 ). In A some very thin fibers (e.g.. at lower leh) were not retraced. C and 0, Fiducial lines have been superimposed on the raw data and are known to the program. Vertical fiducials have been used to record the relative densities of fibers (in graft and branch points (in black}. To the far right in D are shown (downwardfacing) histograms of fiber orientations, calculated perpendicular to the pial surface as slope angles: 0 = vertical upward (i.e., 12 o'clock); +180 = downward, clockwise: -180 = downward, counterclockwise (similar conventions apply to E-H also). E and F show the fiber densities binned horizontally and vertically, respectively, in 30 ym bins. Gray histograms represent all fibers; black subsets show the distribution of those fibers in the striped regions, for example, across the conical plate |£). or across the full conical thickness at the width of a single nascent barrel (fl. Peaks in fiber distributions in (f) coincide with locations of developing barrels and in f show that afferents are concentrated at two levels in this PN06 conex. G and H show the analysis of branch points (emphasized as dots) in these data. G shows the distribution of all branches: H shows those from the 10 most branched fibers. Boxes in H show the vertical and horizontal extent of these 10 (truncated) arbors. dependent on what was cut off. If the missing regions are simply linear, then the population's autocorrelation peak will be slightly skewed to one side, since distances to most of the other data points will be artificially short. As the truncated portion of the arbor becomes more and more branched, the skew will become balanced by one in the opposite direction due to the increasing number of missingshott interbranch distances in the absent subtree. If the focal character of the absent portion is like that drawn, then one would expect the opposing skews to cancel roughly, and the location of the peaks should remain relatively insensitive to missing portions, provided they are statistically similar to the measured regions. Figure 2A shows laser prints of all of the traced fibers, by age (more than 50,000 data points). To compare developmental changes in arbor structures occurring at relatively similar depths in the cortex, the arbors were scaled vertically, relative to postnatal day (PND) 7 data. Figure 2B shows the most-branched fibers traced at each age. These are also normalized. The stretching of the fibers simplifies the problem of trying to scale the drawings mentally to account for the rapid postnatal growth of the cortex. Selecting the fibers in the data base by the number of branches permits a comparison of the more complete fibers with all of the fragments.
Results

Normalization and Selection
The drawings show progressive increases in the complexity of the fiber network with increasing age. The impression from the upper panels in Figure 2 , that this is due to increased arborization in certain regions of cortex with time, is confirmed in the more complete arbors selected by the program in the lower panels. There is also a progressive clustering of afferents, as layer IV emerges, which seems to be a focal and overlapping branching of single fibers within the cortical plate combined with a restriction in the horizontal trajectory of fibers in the cortical plate as layer IV emerges (compare with Fig. 16 in Senft and Woolsey, 1991a ).
Distribution of Fiber Segments
Data from the fibers in Figure 2 are represented in histograms in Figure 3 . The data are presented with respect to the vertical lamination of the cortex and with respect to the plane of the cortex as functions of age. Data from the full population of fibers (gray bars) show afferent processes in increasing proportions in superficial cortex. In particular, the peak of the fiber distribution moves upward as the cortex thickens, until PND3 or PND4, when the peak marks the emerging layer IV. After this age the peak stays in layer IV. The fiber segments for the more complete fibers are focal to the conical plate/layer IV, with a minor peak at the layer V/VI boundary (as observed with Nissl stain). In the orthogonal direction, laterally spaced clusters emerge in the plane of the cortex. These patterns are more evident in the histograms from the most highly arborized fiber subsets (solid bars facing upward in Fig. 3C ). The envelope of the distributions of all of the fragments does not precisely resemble those for the more complete fibers. Since it is not clear from these short segments what their origins are, it is possible that in addition to the TCAs there are fragments from other axon systems (e.g., efferents from cortical pyramidal cells). Data from the fiber population support the observations made on individual fibers (e.g., Jensen and Killackey, 1987a) in that focal proliferation of TCA fiber segments in the thalamic recipient layers is a central event in the differentiation of the barrel cortex.
Distribution of Branch Points
Histograms in Figure 3 also show the distributions of total and selected branch points (facing righfward in Fig. 3, A and B, and facing downward in C) . The distributions of branch points are more focused spatially than the distributions of the fiber segments. A large peak first emerges on PND4 (there may be hints on PND3) in the cortical plate before layer IV is clear in the Nissl stain (see Senft and Woolsey, 1991a) . It becomes more prominent after layer IV is evident in the Nissl stain. The absolute position of this peak remains fixed in the cortical depth, as shown in Figure  3 /1. It shifts deeper in relation to the pia with age, as shown in Figure 35 -A second, smaller peak of branching develops in upper layer VI at the same time. The magnitude of this peak is always smaller than that in conical plate/layer IV. In the plane of the cortex, the branch points are fairly sparse and evenly distributed at early postnatal times. Clustering of branch points is suggested in the histograms as early as PND3 and is obviously periodic on PND5. These peaks are sharper in the longer, more branched fibers that were selected from the database, but the envelopes of the distributions for the longer fibers and the total population are very similar. This suggests that the branch point enumeration, which selects longer fiber segments to some degree, also excludes contamination from non-TCA fibers in pan because the latter are not highly branched in the first postnatal week.
These data from populations of fibers show that the branch points are clustered by cortical depth as expected for thalamoconical fibers as a class. These branch points are also clustered in the horizontal direction in layer IV, and to a lesser extent in layer VI, before the barrels are evident in Nissl stains. The branch points have a spatial distribution similar to the fiber segments for the longer fibers. The findings are quantitative support for the suggestion that a central event in the development of the barrel cortex is the focal elaboration of processes by local branching from related TCAs that constitute a center point for barrel organization (see Senft and Woolsey, 1991b) .
Overextension and Pruning
To determine whether these TCAs extend farther laterally than needed to colonize a single barrel (the adult end point), we followed two lines of analysis. Afferents extending to more than one barrel must pos- (Fig. 2A) ; solid bars show data from the 10 most branched fibers (Fig. 2fl) . In A and ft fibers face left and branch points face right in C fibers face upward and branch points face downward. A All data are to natural scale, aligned at the approximate top of the white maner [arrowheads] , to show the relative increase in cortical thickness {asterisks indicate pial surface) and absolute radial distribution of fibers and branches. PND2 fibers were incompletely labeled with HRP, PND5 fibers in upper layers are underrepresented, and the upper left PN07 fibers were not all entered into the computer because of their complexity (see also Figs. 13 and 14 in Senft and Woolsey, 1991a sess two trunks or else directly bridge between barrels in layer IV (as seen in Figs. 5 and 16 in Senft and Woolsey, 1991a) . However, such observations do not indicate whether either behavior is characteristic of growing fibers. Figure 4 shows the data on the horizontal extent of the fibers; Figure AA shows the number of fiber segments traced, and Figure AB shows that the proportion of branched fibers to the unbranched fragments in the data appears constant for all ages. Changes in the horizontal extent of the traced fibers were evaluated from their width. Figure 4Cdepicts the fraction of all afferent fragments that are wider than a barrelsized area in adult cortex and have at least one branch point. Just after birth a significant percentage of all traced fibers is broader than a barrel, whereas with increasing age progressively smaller fractions are wider than a barrel. However, the Figure 4C criteria includes fibers that might extend a long distance in the white matter yet arborize within a very narrow region of cortex. Thus, a more stringent requirement is imposed for Figure AD , in which process dimensions are considered only distal to their first branch point. With this constraint, on PND2 more than 70% of all branched fibers span an area wider than that of a single (future) barrel; at later ages progressively fewer branched TCA arbors are this wide.
How frequently such immature branched TCAs extend more than the width of a barrel entirely within presumptive layer IV is a central question. Unfortunately, the number of traced fibers satisfying this condition was too small to make meaningful numerical summaries. The simple average width of branched fibers decreased from more than 200 /im (on PND2) down to 125 Mm (on PND7). Truncation due to sectioning by itself implies that neonatal fibers travel somewhat farther laterally than measured in single (75 iim) sections, particularly as these axon arbors do not appear highly oriented to the plane of section. These values obviously underestimate the real situation.
Dispersion Factor
The same general conclusion about afferent pruning may be arrived at more directly, although at a less refined level. At any age, a "dispersion factor" can be computed for the overall thalamocorticalprojection, as the ratio of the size of the labeled target (the barrel cortex) to the size of the labeled source (the veotrobasal thalamus, pars arcuata, or VB). Comparison of A and B compare branched fibers to total fibers for each postnatal age. The peak at PND3 in A is due in pan to the wider swath of cortex traced for that age. B shows that for this sample there is a relatively uniform ratio of branched to total traced fibers for all ages. The graph in C depicts the percentage of branched fibers whose entire width is greater than the major axis of PND6 barrels (200 Mm). This measure is very conservative, since the plane of section (see Senft and Woolsey. 1991a ) runs perpendicular to the barrel rows and thus crosses the minor axis of the larger barrels. D instead uses fiber widths calculated distalva their first branch point (see Results). Both graphs show a narrowing of branched fibers with age.
this ratio in neonates with the ratio in older animals showing barrels provides a measure of the relative precisions of the initial and final topographic maps and is an index of the average extent of an incoming fiber relative to a future barrel. In Senft and Woolsey (1991a) , Figures 3 (PND1) and 6 (PND4) show focal HRP injections in neonatal VB that labeled restricted zones in somatosensory cortex. Dispersion for these ages can be estimated by direct measurement. The effective injection site for PND1 is roughly 250 /im across, and a 750 /tm lateral span of cortex is labeled. Fibers are labeled only at injection sites (Bernardo and Woolsey, 1987; Senft and Woolsey, 1991a) . Thus, in this oblique plane, the dispersion from VB to cortex on PND1 is approximately 3.0 (i.e., «750/«250). A similar value is obtained for PND4 (i.e., «1000/«325). TCAs are coextensive with barrel cytoarchitecture from PND7 onward (Jensen and Killackey, 1987a; Lin et al., 1987; Senft and Woolsey, 1991a) . Therefore, it appears reasonable to estimate the later fiber dispersions from cytoarchitecture. On PND7 a Nissl-stained barrel field is about 1200 /tm across (diagonally, from barrel Al to barrel E5; see Senft and Woolsey, 1991b , for nomenclature). The corresponding region of VB is about 600 /tm across, yielding a dispersion of about 2.0. Thus, the neonatal projection from thalamus to the cortex before the barrels develop is relatively 1.5 times wider than it is when barrels are present. This suggests that TCAs on average span at least 1.5 barrel equivalents at birth.
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• J :;: I • Figure 5 . Statistically generated afferems. Based on the fiber and branch statistics from the most arborized subset of the PNDB data (see Figs. 2. 3), a family of synthetic TCAs was generated (see Materials and Methods). The histograms to the right and below depict the average distribution of branches in the source data set Compare with histograms in Figure 1G . This plot has a distinct curvature, which is a signature of tuftedness. This peak arises from the increased proportion of nearby data points that branching engenders. /-/, Autocorrelograms of the most-branched fibers from each postnatal age. The trend toward greater curvature in the histograms (and occasional secondary bumps) with increasing age indicates increasingly focal branching of the developing fibers.
Construction of TCAs
Application of the statistical reconstruction method to several distinct databases generated arbors each of which clearly belonged to its appropriate source population (Fig. 5 ). In addition, synthetic fibers based on data sets from fiber fragments only, and for which data for the most complete fibers had been excluded qualitatively, captured many of the properties of the more complete arbors. Generated fibers were treated as distinct subsets of data and were analyzed statistically in the same manner as the real arbors entered via camera lucida.
Comparison of histograms derived from synthetic arbors with those derived from the natural fiber fragments used to generate them provided a means for objectively evaluating the reconstruction algorithm. Although populations of arbors produced by this method resembled the fibers in the source database, they did not always accurately reproduce the source statistics. In particular, the branch angles often appeared to be too narrow. Nevertheless, this graphical method is a powerful way to depict the extent to which fiber fragments represent the pattern of the complete fibers and is useful for evaluating the extent to which a particular fiber embodies the characteristics of the population. The statistical and structural correspondences between the reconstructed arbors and the biological data were improved by adjusting two free parameters used to scale the branching and pruning indices; these controls maybe refined further by additional work.
Fiber Clustering-Analysis by Autocorrelation
The histograms in Figure 6 support the visual impression that the most-branched fibers also become more focused with age. This clustering index is independent of orientation or context. However, it should be pointed out that the fiber data were of necessity acquired from sections in a plane parallel to the barrel rows. Thus, anisotropies perpendicular to them (e.g., clustering between rows) could not be documented (see below). Application of this analysis to the longer fibers in the database (Fig. IB) shows that in early postnatal life the TCAs are relatively unbranched and that what branching occurs is not focal. The autocorrelation becomes peaked on PND4, a pattern that persists and is sharpened at later ages. This finding, which is based on the relationships of branches and branch points in individual fibers, brings together the results summarized in the histograms of Figure 3 .
Discussion
Data Collection
These software tools, which compress the data and depict statistical results, are approaches to evaluate the behavior of fiber populations and are sufficiently general to be useful for analysis of data obtained from a variety of sources. We devised these methods to measure and analyze a set of labeled TCAs that are highly fragmentary. The representations used here help clarify the understanding of such data, where the keys to patterns are poor. In the future it will be useful to apply this approach with improved methods of data collection, particularly those that retain the depth dimension. For instance, it is becoming more practical to record Dil-labeled processes accurately, either after photoconversion (Sandell and Masland, 1987) or by volume rendering of fibers digitized with confocal scanning microscopy (S. L. Senft and T. A. Woolsey, unpublished observations) . This could yield measures from more intact arbors, since sections can be several times thicker than the 75 tim here imposed by requirements of HRP histochemistry.
Analysis and Data Representation
A large amount of quantitative information is contained in and made intelligible by the segment and branch histograms (see Fig. 2 ). It was particularly useful to be able to select fibers rapidly on the basis of their branching frequency, width, and/or other characteristics, as shown in Figures 2 and 3 -The graphical approach of process generation additionally provides a general method for making explicit relationships in the data that otherwise must be laboriously interpreted piecemeal (Fig. 5 ). For example, one might derive from more complete traced or generated databases how many collaterals the average fibers of a given age or type might have, or how extensively they might ramify, and in what laminae and with what patterns. The approach also may be used to define necessary and sufficient geometric parameters for accurately describing and simulating axon outgrowth, arborization, and remodeling.
The autocorrelation method potentially is more illuminating than simple visual inspection. Obviously, subjective impressions might be difficult to form if (as is the general case in the CNS) the arbors did not overlap in overt clusters as they do from VB to the barrels. In more geometrically subtle cases, this autocorrelation procedure would detect focal branching in single afferents without depending on the visual reinforcement produced by superposed arbors. In principle, though, such overlap among multiple afferents also might be detected automatically. Clearly, migration to more powerful computers, combined with more sophisticated methods of data collection, would make practical a finer resolution of each of these modes of analysis and could bring into reach higher-order clustering measurements.
Statistical Characteristics of TCAs
Knowing distributions and measures analytically derived from these labeled fibers, we can nowreevaluate our initial conclusions on the behavior of individual TCAs and the population. Some points have been clarified; others remain inconclusive despite the analyses, principally because of sparseness in aspects of the data, although more than 1400 partial arbors were traced by camera lucida and then transcribed into the computer, over a period of several months. This points out the need for massive amounts of data collection when deriving representative measures at the singlefiber level, which likely can be met by technological improvements.
First, there are relatively fewer branch points in the white matter of the traced database than expected from direct observation (see, e.g., Fig. 15 in Senft and Woolsey, 1991a) . However, widely spaced branch points are not well represented in sundered fibers. In particular, labeled axons were bundled compactly in the white matter and were difficult to trace for long distances, and the branching frequency in the white matter may be quantitatively underestimated. The total number of collaterals per axon likewise is underestimated.
Second, the impression that fibers are more radial in older neonates is in part due to cortical expansion. Afferent segments may be "pulled" upward during growth. This is suggested by the more radial appearance of the mathematically stretched younger fibers from younger mice in Figure 2 . However, for the unnormalized data, the fiber histograms fractionated by angle as described in Figure 1 were more scattered (nonradial) on PND3 (not shown) than those for PND6 (right side of Fig. 1/9 , when the range of angles to the pia is nearer to the perpendicular. This argues that simple thickening of cortex and stretching of its components are not the only contributions to the increasingly radial distribution of the TCAs.
Another factor contributing to the radial orientation of the fibers could be selective elimination of obliquely ascending collaterals. This is plausible, because the overall projection is roughly topographic at birth; oblique collaterals are less likely to reach "appropriate" regions of cortex (and may be more prone to wither if they are not reinforced, as a consequence). A final possibility, not directly supported by the present observations, is that new ingrowth of TCAs continues in the postnatal period and that these afferents are radial.
Third, whether single afferents subtend a wide or narrow area of cortex provides some insights about ingrowth specificity. If a TCA were targeted to a single barrel, then one would expect the fiber to be no broader than the barrel. In early postnatal life, the overall extent of many fibers is wider than even an adult barrel (see Fig. 4C ), and even without compensating for the underestimation produced by truncating the fibers in sectioning. This argues that there is no such expression of specificity. The independent argument based on "dispersion factors" between the thalamus and cortex also supports this conclusion. The extent of cortex encompassed by these afferents may be set principally by the spacing of branches deep in the cortex (see Fig. 2B ; see also Fig. 15 in Senft and Woolsey, 1991a) and may also dictate the limits of arbor expansion in cortical plasticity (e.g., Jensen and Killackey, 1987b) .
Fourth, individual traced HRP-labeled fibers show that individual TCAs extend between barrels even within layer IV (e.g., on PND5 and PND6 in Fig. 2 ). This phenomenon is evident in Dil preparations on PND5 (e.g., Fig. 8 in Senft and Woolsey, 1991a) , while barrels are forming, but the features are not well doc- Figure 7 . Schema of sequence of TCA outgrowth into barrel cortex; the early history of a typical thafamocortical afferent. Fibers initially send multiple, widely spaced, and unbranched probes toward the pia (/. PND1). Each begins to ramify (PND3) and continues to do so preferentially in regions that exhibit a "message" (of uncharacterized modality) similar to that borne in by the fiber (PND4). However, in other regions nearby, which happen to express a different consensus, the fiber's collaterals fail to branch, and may in addition regress (PND7). Boxes below each panel indicate the width of a PND7 barrel. CP, cortical plate: WM, white matter.
umented when the traced data are considered as a whole. This is likely due to necessary selection of relatively sparsely labeled regions to make the camera lucida drawings. At later ages, and certainly in adults, such branches are absent.
Fifth, the numerical data provide evidence that the TCAs are pruned. Support is given by the gradual decrease in fiber width, with age, seen in Figure 4 . It seems most plausible that fibers and/or collaterals selected from the cohort are pruned, or lost entirely, resulting in a narrowed focus for the total population of fibers to each barrel.
Sixth, it is clear that branches accumulate locally with age, particularly in layer IV (e.g., Figs. 2A, 5A ; see also Fig. 6C in Senft and Woolsey, 1991a) . The present analyses also indicate that some fibers branch much more than others and that, over time, these are the ones that branch the most focally. The mostbranched fibers become progressively representative of the overall population: they arborize where the most numerous branches are, in the vertical histograms, and they define peaks having the characteristic spacing of barrels, shown in the horizontal histograms in Figure 2 .
A second argument also suggests that selected collaterals arborize preferentially. While there are more branched fibers and fibers are more branched in older neonates (Figs. 4A,6 ), there does not seem to be a proportional increase in the ratio of branched to unbranched fiber fragments (Fig. 4B) . This would not occur if every fiber arborized progressively over time. It is possibly an artifact of preparation that biases sampling, but a more plausible interpretation is that a subset of individual fibers is becoming more highly branched and that as these arbors become focal they are less likely to be completely fragmented by sectioning.
Biological Implications
Based on these conclusions, we envision a strategy employed by single TCAs and populations of TCAs as they colonize the cortex. This sequence is sketched in Figure 7 . First, upon ingrowth, afferents emit multiple ascending collaterals in the white matter and deep cortex. This permits them to sample an area of overlying cortex wider than the region containing the (sole) barrel to which they will eventually contribute. Second, certain of these collaterals come to arborize more extensively in a location and in the pattern appropriate to that of their barreloid of origin, whereas others not so appropriately placed are pruned back. This results in the progressive areal restriction of the terminal zone of each TCA. The overlap of terminal arbors from numerous afferents is what forms the quintessence of each barrel and, perhaps simply by expansion of neuropil (Rice and Van der Loos, 1977; Harris and Woolsey, 1983) , influences the arrangement of cortical somata into the patterns so readily recognized with Nissl stains. The clear implication is that selected branches are reinforced separately and have different biochemical characteristics. For instance, some branches of an afferent that are forming many synapses could be marked (e.g., Jensen, 1987; , whereas others that are forming fewer synapses would not be marked.
The quantitative extent to which these properties are unique to rodent somatosensory cortex or are shared by cortical afferents in general is unknown. Qualitatively, several of the basic features have been observed in other systems (e.g., collateralization and selective arborization; Naegele, 1984; Reinoso and O'Leary, 1988) . However, to a degree that may be more pronounced than in other systems, the highly defined features of the barrel system provide impetus to probe further the specificity of single afferents, and perhaps as well the constraints needed to clarify it. Of particular interest is why certain collaterals from each TCA (i.e., the ones within their appropriate barrel) should "know" to arborize further, whereas, others should fail to branch (or should be pruned back). Because of the unique geometry of barrel system, there is a plausible and simple reply to this question, which may also generalize to other systems: it is based on synergistic interactions within the ingrowing afferent population. This idea is presented in a separate analytical context in an accompanying article (Senft and Woolsey, 1991b) .
